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(S7)Abslnct 

niis invention relates to a continuous ultrasonic method and apparatus for breaking the carbon-sulfur (C-S), sulfur-sulfur 
(S-S), and if desired, carbon-carbon (C-C) bonds in a vulcanized elastomer. It b weU known tfiat 

Sree dimensional chemical network, cannot flow under the effect of heat and/or pressure. Hus crwtM a huge problem m Ae re- 
SSLgXed ti.« and other elastomeric products. Threugh the application of «rtain levels of ultrasonic ««P^« " ^ 
Sfce of pressure and optionally heat, the tiiree-dimensional network of vulcamzed elastomer can be brokai down. As a most 
EbTe in«S ultmsonically treated cured rubber becomes soft, thereby enabUng this material to be ^^JOOKSkI and 
shaoed in a manner similar to that employed with uncured elastomers. The apparatus relates to the ultrasonic reactor (20) (e.& an 
eSle f. ne Sr (20) is comiected to an ultrasonic die assembly (10); the die assembly (10) consists o a transducer portion 
(S^wWch tadudes a power converter (14) and booster (13), connected to a horn portion (15). the assembly being supported by 
SnCbS(18). Md being attached to the reactor (20) tiirough an adaptor portion 19 m reactor (20) 'nclud« a b^^^^ 
02) fed through hopper (24). the screw (26) within tiie barrel portion being driven by a drive (25). energized by a motor (28) (not 
lfc^;n) CKSn(l )includesadiUttion (16) through w^^^ 

or^S shown by a pressure gauge (21). The ultrasonic generator (10) of the ultrasonic die of the invention, movably atta^ed by 
SSSrt (Krough adaptor legs (19) to a rea«or (20). Tlie reactor (20) is surrounded by a heating jacket (42). Vuloin- 
S mSS Sto die (16) thLgh 'reactti bore exit (36) of exit bore diameter (dr) and into die inlet bore (38) of diameter 
S SriS«nted material is moved under pressure toward die exit bore (37) and leaves through die mlet bore (38). 
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CONTINUOUS ULTRASONIC DEVULCANIZATION 
OF VULCANIZED ELASTOMERS 

Technical Field 

5 This invention relates to an improved apparatus and mefliod for continuous 

recycling of vulcanized dastomers and Aermosets. More particularly, this invention 
relates to a ccmtinuous ultrasonic me&od for breaking the carbon-sulfur (C-S), sulfur- 
sulfur (S-S), and if desired, carbon-carbon (C^) bonds in a vulcanized elastomer. 

10 Background ofAe btventbn 

It is currently estimated &at about 200,000,000 used tires are produced annually. 
After the useful lifetime of these tires has raqpired, Aey are commonly duniped in waste 
disposal sites, but frequently are discarded on vacant land and in lakes and rivers because 
the used tires have no vahie and, in fiwrt, cost money to dispose of ptopeiiy, 

15 In years past, it was possible fijr waste disposal sites andreclaiming plants to bum 

flie tires and recover &e metal or to dump them at a landfill. However, with increasing 
public awareness of ecology and the state of 4e environment, bo& the State 
Environmental Protection Agencies and the U.S. Government Environmental Protection 
Agwicy, have sought to eliminate this form of air and land polhition. 

20 The most common traditional method for handling waste materials has been to 

simply dump the waste on designated land areas thereby creating large and often 
hazardous dumps in which fires are frequent and runoff into water sources is routine. Not 
only are these datnps eyesores, they are environmental hazards to both the air and water. 
It is of no litfle consequence ttiat while dunaps or landfiUs have often been the cheapest 

25 short teim way of handling waste material, the land which can be used for this purpose 
is rapidly running out. This is particdariy true in the highly urbanized areas of the 
industrialized countries. This traditional method of disposing of waste does not allow fiw 

Ae recovery of materials. 

A particular problem is found in the disposal of rubber based products, such as 
30 automotive tires, hoses and belts, all of whidi are comprised of natural or synthetic rubber 
reinforced with oflier materials such as metal belts and fibrous cords. These products 
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h.™ , ay ». after «.=y l«vc p«fom«d teir origtaal a.d/<K pnmanr ».1c and 
a^ta.eg«er*di«»tol BU«Ja«»»l=dg.dtha,ac«.ton.»*erofM«a« 

»™ihBingi.<l««bl=. fa g»«.r,»*« of tes,belB and lK>s«aK 

work flieir way to 4e suifece. 

Th« have i«» n»By pmposJ. to I»«dHng waste ">-«Al' " 

,0 «du= to «ia«..™idue.«™td WMeftk«,»«»tobea.»swa. 
i, ignores *e -«W -n-aM wo*l be cmmnrf to 

i™„to»tou,d.= a»o.phe«. B.l«.ig««s*.p».btenofwta..»do»*fte.*e.. 
Oter appn»«>h«> to natenal ««w»y b.™ tododed «.d«^ 
15 too sn^er pieces and to tal.ly^movi.^tbe'^tec™..^ 

a veo' difficult ta* one consider. «ov«y of i««=*l ft» 

„Uchisp.odu«dtov*mdn«h.b»sewia»«lo»offbncto^ B«.«»tan« 
. fa i„» smaUcT pieces would sdU no. «J»nc. .he Kcov^y of the n«A »» «Kl 
„*b« pnxtacB *e«of. Besides a g«.an«»n. of ««8y would be oo.«m«dm 

20 rendering the tire into the smaller pieces. 

StiU other approaches have involved the use of chemicals to break down 4e 
nu^terials into their consents. However, these methods create chemical stadges and 
residues wWdi are not onlyanuisance. if not impossibletodispose of. but some ch^^ 

treatments are dangerous to both human Ufe and the environment 
25 StiU additional approaches have involved the extensive use of cryogenics to lower 

Aeten^erature ofthe product to below the glass-transition temperature of the components 
thereof Tl.e product at this lowered temperature is &en enured suffidently to 
cooq^nents to release suffidently to effect sepa«^ However, dus in an energy 

intensive process. . 
30 The plication of ultrasonic waves to the process of devulcanizmg rubber rs a 
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most recent field. In feet, traditional thinking in the field has indicated that robber is 
vulcanized by vdtrasonics rather than devulcanized. Okada and Hirano published in Meiji 
Gomu Kasei, 9(1), 14-21 (1987) that the ultrasonic vulcanization of rubber was achieved, 
and fliat process demonstrated in the laboratory. 
5 Additionally, the use of ultrasound to activate robber-based adhesives was 

discussed in Kauch. Rezina, (5). 31-2 (1983) where the bonding of robber strips was 
described. The dynamic strength of the bonded robber strips was found to increase with 
inoeasing ultrasonic activation time. 

Again, the ultrasonic welding of cooaposite polymers was discussed in Svar. 
10 Pmizvod., (A 42-3 (1982) where fte ultrasonic wddmg of caibon black-filled robber was 
detennined to proceed via crosslinking between rubber and flie caibon black molecules. 

The vulcanizatkm of robber and crosslinking of polymers by ultrasound is 
elaborated in DE 2,216,594 published 10-26-72, based on Japanese priority document JP 
71-20736 dated 4-6-71 wherein ethylene-propylene robber or polybutadiene robber-natural 
15 robber matures; or polymers, e.g. polyefliylene containing vulcanization agents or 
crosslinking agents were vulcanized or crossKnked, ieq)ectively, by ultrasonic waves (500 
kHz) in a bath containing cold watw or silicone oil 

The application of continuous uhra-hi^ frequency vulcanization to polarity 
robbers, such as chloioprene robber or butadiene-nitrile robber is described. Rubber 
20 World, 162(2), 59-63 (1970). 

The only application of ultrasonic waves in a devulcanization mode is described 
in JP 62121741 (1987). A batch process was described wherein vulcanized robber was 
reclaimed by devulcanization by 10 kHz to IMHz ultrasonic wave irradiation. The batch 
process required 20 minutes using 50 kHz ultrasonic wave at 500 watts. The process was 
25 found to break caibon-sulfiff bonds and suMur-sulfur bonds, but not caibon-caibon bonds. 

Disclosure of the hcvention 
This invention relates to a continuous ultrasonic mefliod f<x breaking Ae cari)on- 
sulfur (C-S), sulfijr-sulfnr (S-S), and if desired, caibon-caibon (C-Q bonds in a vulcanized 
30 elastomer. It is weU known that vulcanized elastomers having a fliree-dimensional 
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chemical network, cannot flow under the effect of heat and/or pressure. This creates a 
huge problem in the recycling of used tires and other elastomeric products. It was 
unacpectedly found that through the application of certain levels of ultrasonic amplitudes 
in the presence of pressure and optionally heat, the three-dimensional network of 
5 vulcanized elastomer can be broken down i^er quickly. As a most desirable 
consequence. ultrasonicaUy treated cured rubber, in the presence of pressure and 
optionally heat, becomes soft, thereby enabling this material to be reprocessed and shaped 
in a manner similar to that employed with uncured elastomers. 

It is a first object of this invention to detail a continuous process for flie 

10 devulcanization of vulcanized elastomers. 

It is a second object of this invention to detail a continuous process for flie 
devulcanization of vulcanized elastomer particles in which*e carbon-sulfur (CS). sulfur- 
sulfur (S-S). and if desired, caibon-carbon (C-C) bonds in vulcanized elastomers ate 
broken. 

15 It is a third object of to invention to detail a continuous process for Ihe 

devulcanization of vulcanized eksioniers which uses ultrasound. 

It is a fourth object of this invention to detail a continuous process for Ae 
devulcanization of vulcanized elastomers whidi uses ultrasound to devulcanize rubbers 

in ttie order of seconds or less. 
20 It is a fifth object of this invention to detail an apparatus effective for the 

continuous devulcanization of vulcanized elastomers through a die exit bore populated 

wi& an ultrasonic bom. 

It is a sixfli object of diis invention to detail an apparatus effective for the 
devulcanization of vulcanized elastomers flmwgh a ptaraUty of die exit bores, each 

25 populated witit an ultraswiic hom. 

It is a seventh object of this invention to provide a continuous process which is 
capable of breaking a three-dimensional network of highly crosslinked polymers by Ae 
application of ultrasonic waves, pressure and optionally heat, to the crosslinked polymer. 
It is an dghlh object of this invention to provide an improved ultrasonic hom and 
30 die configuration wherein flieultiasomc hom is positioned internal of the die to minte 
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the amount of oxidative degradation which occurs during Ae devulcanization. 

These and other objects of Has invention wiU be evident when viewed in lig^t of 
the drawings, detailed description, and appended claims. 

Brief Description ofUte Drawings 
5 The invention may take physical form in certain parts and airangements of parts, 

a preferred embodiment of which wfll be described in detail in &e specification and 
illustrated in Ae accon^anying drawings whidi finm a part hereof, and wherein: 

Figure 1 is an elevational view, in cioswection of the ultrasonic reactor along its 
longitudinal axis; 

10 Figure 2 is an exploded ooss-sectional plan view of the die of an nltrasonic 

leactor along its longitudinal axis, flie die in ftis embodiment having a first die inlet bote 

and a sec(md die exit bore; 

Figure 3 is an exploded ctoss^onal plan view of the die of an ultrasonic 
reactor along its longitialinal axis, the die in this embodiment h^ 

15 bore; 

Figure 4 is an exploded ctoss-sectional view of an alternative configuration of the 
die of an ultrasonic reactor along its longitudinal axis showing a longitudinal dieflwm 
combination and a radial die/hom combination, each die having a first die inlet bore and 
a second die exit bore; 

20 Figure 5 is an exploded cross-sectional view of an alternative configuration of the 

die of an ultrasonic reactor along its longitudinal axis showing a longitudinal die/hom 
combination and an oblique dietai combination, each die having a first die inlet bwe 

and a second die exit bore; 

Figure 6 is an exploded cross-sectional view of an alternative configuration of the 
25 die of an utaasonic reactor along its longitudinal axis showing a longitudinal die/hom 
combination, a radial dieAiom combination and an obKque die^om combination, each die 
havmg a first die inlet bore and a second die exit bore; 

Figure 7 is an exploded cross-sectional view of an alternative configuration of the 
de of an ultrasonic reactor along its longitudinal axis showing a longitudinal didhom 
30 combination, aradial dieftiom combination, andan obKque die«iom combination, eadidie 
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only having a first die inlet bore; 

Figure 8 is a cross-sectional view of an alternative embodiment of &e ultrasonic 
reactor along its longitudinal axis showing a plurality of radial dieAiom combinations 
about the circumference of the reactor with a longitudinal die/horn combination. Ae 

5 reaclOT not bring fitted with any die; 

Figure 9 is a graph of viscosity vs. shear rate for vulcanized hydrogenated nitrile 
rubber puAed through the extruder and devulcanized at various speeds and pressures at 
a barrel temperature of 200'C and a clearance (c = 1, -Ip) of 0.5 mm as measured at Tl'C 
and an ultrasonic wave amplitode of 96 pm: 0) 5 ipm (600 psi); (2) 15 ipm (UOO psi); 
10 (3) 25 rpm (1,800 pa); and (4) uncured (mvulcadzed) hydrogenated nitrile mbber, 

Figure 10 is a graph of viscosity vs. shear rate for vulcanized hydrogenated nitrile 
rubber pushed through the octruder and devulcanized at various speeds and pressures at 
a barrel temperature of 200-0 and a clearance (c = 1, - V) of 0.5 mm as measured at Vl'C 
and ah ultrasonic wave amplitude of 82 Mm: (D 5 rpm (600 psO; (2) 10 rpm (700 psO; 
15 (3) 15 rpm (1,050 psi); and (4) uncured (unvulcanized) hydrogenated nitrile rubber. 

Figure 11 is a graph of viscosity vs. shear rate for vulcanized hydrogenated nitrile 
rubber pushed through the extruder and devulcanized at various speeds and pressures at 
a barrel tenq,erature of 200'C and a clearance (c = 1, - g of 0.5 mm as measured at Tl'C 
and an ultrasonic wave amplitude of 37 mn: (1) 1 rpm (550 psO; (2) 5 ipm (WOO pa); 
20 and (3) uncured (unvulcanized) hydrogenated nitrile rubber, 

Figure 12 is a graph of viscosity vs. shear rate for a vulcanized fhKW>«lasl0iner 
pushed toough the extruder and devulcanized at various speeds and pressures at a banel 
temperature of 1 75»C and a clearance (c = 1, - V O ^ ^ at 7 rC and an 

ultrasonic wave ampUtude of 96 Mm: (1) 2 rpm (550 psi); (2) 4 rpm (600 psi); (3) 6 rpm 
25 (700 psi); and (4) uncured (unvulcanized) fluoro-elastomer. 

Figure 13 is a graph of viscosity vs. shear rate for vulcanized SBR^-based 
(styrene butadiene rubberAiaJuial rubber) truck or passenger tire tread peel pushed through 
the extruder and devulcanized at various speeds, pressures and uhiasonic amplitudes at 
a barrel temperature of 100-C and a clearance (c = lb - g of Oi mm as measured at 7rC: 

30 (1) 2 rpm (350 psO, 96 Mm; (2) 2 rpm (500 pa), 82 Mm; (3) 5 ipm (400 psO. 96 Mm; (4) 
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5 rpm (600 psi), 82 \sxa; and (5) 8 ipm (500 psi). 96 [m 

Figure 14 is an elevational view in vertical cross-section or a top plan view in 
horizontal cross-section, both being applicable to the apparatus illustrated, of an internal 
ultrasonic horn contained within an ultrasonic die attachment wherein the entry and exit 
S bores may be interchangeable as desired; 

Figure 15 is a graph of viscosity vs. shear rate for original unvulcanized SBR 
(slyrene butadiene) rubber (1); SBR rubber which was vulcanized and subsequently 
pushed toigh the extruder and devulcanized using both the external ultrasonic die 
configuration of Fig. 1 0); and fee internal ultrasonic die configuration of Fig. 14 (2), at 
10 a barrel temperature of 120»C, a clearance (c = 1^ - V) of 0.5 mm as measured at 71»C, 
ascrew rotation speed of 30 rpm. and an ultrasonic wave anqjHtude of 80 Mmat20kHr, 
Figure 16 is a graph of stress-strain curves for original unvulcanized SBR (styrene 
butadiene) robber (1); SBR robber which was vulcanized and subsequently pushed Ihrou^ 
fee extruder and devulcanized using bofe fee external ultrasonic die configuiation of Fig. 
15 1 (3); and fee internal ultrasonic die configuration of Fig. 14 (2), at a barrel temperalare 
of 120»C, a clearance (c = 1^ - V) of 03 mm as measured at Tl'C, a screw rotation speed 
of 20 rpm, and an nhrasonic wave amplitude of 80 |m» at 20 Idfa; 

Figure 17 is a graph of storage modulus (G'), loss modulus (G*), 'absohite vahie 
of dynamic viscosity (i)*), and tan 8 of decrosslinked efeylene vinyl acetate foam sheets 
20 using fee internal ultrasonic die configuration of Fig. 14 at abarrel temperature of 200»C, 
a clearance (c = 1^ - Ip) of 0.625 mm, a screw rotation speed of 2 rpm. and an utaasonic 

wave amplitude of 105 \an at 20 kHz; 

Figure 18 is an exploded perspective view, in cross-section of an ahemative 
design. iUustrating anon-rounded ultrasonic hom/die configuration wherein one ultrasonic 
25 hom is positioned between walls of a die in paraUd planes to fee longitudinal axis of fee 
reactor, and 

Rgure 19 is an esqiloded perspective view, in cross-section of an alternative 
design, iltastrating anon-rounded utaasonic hom/die configuration wherein two ultrasonic 
horns are positioned between walls of a die in paraUel planes to fee longitudinal axis of 
30 fee reactor. 
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Detailed Component Part List 

Description 

ultrasonic generator 

transducer 

booster 

converter 

horn 

die 

mounting holes 
mounting bracket 
adapter legs 
reactor 

pressure gauge 
barrel 
hopper 
drive 

reactor screw 
spiral ridges on shaft 
motor (not diown) 
reactor exit bore 
die exit bore 
die inlet bore 
termmation point of die 
heating jacket 

longitudinal die/hom combination 
radial die/hom combination 
oblique die/hom combination 
internal die/hom combination 
gasket 

die void space 

die heating and/or cooling coils 
die wall 

devulcanization zone entiy 

devulcanization zone exit . , . j 

clearance between flie exit point of the die mlet bore and 

the tip of the hom 

die exit bore diamet^ 

hom cross-section diameter 

die inlet bore diameter 

reactor exit bore diameter 

height between ultrasonic homs 

die exit bore depth 

depth of insertion of ultrasonic hom section measured fern 
the termination point of tiie die. 
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Detailed Disclosure ofAe Invention 
Referring now to the drawings wherein the showings are for purposes of 
iUustiating die preferred embodiment of the invention only and not for purposes of 
limiting Ac same, the Figures show the effective appUcation of ultrasound to the 
5 continuous devulcanization of rubbers. 

It is well known that vulcanized elastomers having a three-dimensional chemical 
network, cannot flow under the effect of heat and/or pressure. It is precisely for this 
reason fluit to date, no Uteiature has descnljed the utilization of an extnuier in on^ 
furflierprocessavulcanizedmbber. Hiis physical property has prohibited the appKcation 
10 of extruder technology to fte huge problem of recycling used tires and oflia vulcanize 

elastomeric products. 

However, it has been discovered fliat thiougjj the a5)pKcation of certain levels of 
ultrasonic anqjlitudes in Ae presence of pressure, and optionally heat, Ae Ihree- 
dfaneiisionalnetvwrk of vulcanized elastomer can be broken down. As a n»8t desirable 
15 consequence, ultrasonically treated cured nibber becomes soft, Aereby enabling tfiis 
material to be reprocessed and shaped in a mamier similar to Hat einployed with uncured 
elastomers. 

Figure 1 is a semi-schematic representation of a reactor (e.g. an extruder) or any 
device which can transport vulcanized rubber while simultaneously exerting pressure on 
20 it, generally 20, connected to an ultrasonic die assembly, generally 10, of Ae invention. 
As shown, the die asseiribly 10 consists of a transducer portion 12, which inchides a 
power converter 14 and booster 13, connected to a horn portion 15, flie assembly being 
supported by mounting bracket 18. and being attached to the reactor 20 through an 
ad!q>tor portion 19. The reactor 20 includes a barrel 22, fed through hopper 24. Ae screw 
25 26 within the barrel portion being driven by adrive 25. energized by amotor 28 (not 
shown). The hom portion 15 inchides a die portion 16 through which Aedevulcanized 
elastomer being extruded is forced at a pressure shown by a pressure gauge 21. 

Additionally shown in Figure 1 is ultrasonic generator 10 of the ultrasonic die of 
the invention, movably attached by mounting bracket 18 through adaptor legs 19 to a 
30 reactor 20. Asmoreclearty shown in Figure 2. the horn portion 15 of &e ultrasonic die 
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is shown penetrating to a depth 1, into the die 16 of exit bore depth 1,. The distance 
between Ip and 1^ is critical for the effective operation of the devulcanization process and 
the difference between the vahie of V the horn penetration depth, subtracted from 1^. the 
exit bore depth defines a clearance c through which rubber particles are extruded. If Ais 
5 clearance (\,-\) is larger than the rubber particle size, some particles of vulcanized rubber 
wfll escape wi&out being devulcanized. On the other hand, if the clearance is too small, 
the pressure generated in the reactor exit bore may increase and lead to an inability to 
initiate the ultrasonic generator. There exists some optimal clearance which is dependent 
upon the size of the rubber particles and/or flie thickness of the rubber shreds, and the 
10 ultrasonic amplitude, within which optimal conditions of devulcanization can be achieved. 
In particular, optimal conditions of devulcanization can be achieved when the cleanmce 
is between 0.2-0.8 mm, but lower and larger clearances are envisioned. 

Additionally, hom cross-section diameter d^ vis-a-vis flie die inlet bore 
diameter di is critical. If flie hom cross-section diameter 4 is less Iban flie die inlet bore 
15 diameter d,, then particles of vulcanized elastomer are allowed to pass toough die exit 
bore diameter d, without any significant devulcanization. In a prefisned mode, the 
relationship wfll be that the diameter of reactor exit bore d, wfll closely proximate the 
die inlet bore diameter dj. Additionally, the ultrasonic hom diameter d^ wfll be greater 
than die inlet boie d,, but yet be less than die exit bore d,. 
20 The energy inqjarted by the ultrasonic waves in the presence of pressure and 

optionaUy heat, imposed on the vulcanized mbber are believed responsiTile for Ae fest 
devulcanization. Thus both wave frequency, as well as anq)Utude are important 

processing parameters. 

Whfle a die possessing two distincUy different bore diameters d. and dj, has been 
25 described so fiff. the invention is not limited to such. Since the key parameter is the 
relationship between the hom diameter 4 and the die inlet bore d^. there is no need to 
have a second exit bore diameter d,. Figure 3 fllustrates this embodiment of the 
invention. 

While an ultrasonic reactor has been generaUy described so far containing mainly 
30 a single die wi& a snxgle hom inserted therein, there is no reason to limit the invention 
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to such. As shown in Figures 4-7, multiple combinations of die configurations, in so far 
as to bofli the positioning and tiie number of die/hom combinations are envisioned. The 
key parameter is that all of the horn/die combinations be co-axial to the longitudinal plane 
of the zone of devulcanization. With respect to the additional die^om combinations 

5 which are positioned around a reactor exit bore, there is no limit on tiie upper number of 
diese combinations other than Aat which is a natural ramification of available space 
conffi^'^ti-«ns As seen in Figure 4, the reactor can be equipped with longitudinal 
dieAiom combinations 44 and radial die/hom combinations 46. Figure 5 illustrates tiie 
abiUty to incorporate longitudinal diefliom cooibinations 44 wife obhque die/hom 

10 combinations 48. And Figure 6 shows a die configuration wherein a longitudinal die/hom 
combinations 44 is positioned in conceit with a radial diefliom combination 46 and an 
obKquedie^Mim combination 48. Rgure 7 iHustrates the abiKty to pafomi the invention 

witii a die possessing only a die inlet bore d,. 

M a shnilar manner to the relationship between flie dies shown in Figures 2 and 
15 3. when multiple dies are utilized, sudi as in Figures 4- 7, fliere is also no necessity for 

fee dies to have dies possessing two diflferent bore diameters. As wife fee single die 
configuration, since fee key parameter is fee relationship between fee hom diameter d^ 
and fee die inlet bore di,Aere is no need to have a second exit bore diameter Figure 

7 illustrates feis embodiment of fee invention. 

20 In anofeer embodiment of fee invention, and since fee diameter of fee reactor exit 

bore d, closely matches fee die inlet bore diameter dj. in some instances, for reactors 
which have been specifically designed for feis purpose, feere is no need for a die attached 
to an exit bore. This arrangement is shown in Figure 8. In feis arrangement, a pluraUty 
of radial dieAiom combinations 46 are situated at fee periphery of fee circumference of 

25 fee tongitudinal axis of reactor 20. As wife fee previous arrangements, fee clearance 
between fee periphery of fee reactor exit bore and fee tip of fee ultrasonic hom is 
positioned at a distance which is maximized by «q)etimenL TypicaUy this clearance is 
between 0.2 mm - 0.8 mm. alfeough bofe larger and smaller clearances are envisioned 
under appropriate conditions. Unlike previous embodiments described, feere is no 

30 absohitc need to position a diefliom combination at fee reactor exit bore, and in feis 
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embodiment, the longitudinal diefliom combination is optional. 

Considerable latitude is pennissible in selecting the wave frequency and anq)Utude. 
and as suggested in fee pieceding. optimum conditions for a particular polymer are best 
determined by experimental trials conducted on the mbber of interest Within such 
considerations, however, it has been found that the frequency of the waves should be m 
fte ultrasonic region. i.e.. at least 15 kflohertz. and a range of from about 15 kHz to 50 
kHz is preferable. TTie ampKtude of the wave can be varied up to an ampUtude of at least 
about 10 microns to about 200 microns, again, the exact ampUtude and frequency best 
suited for a particular appUcation being readily detemrined by experimentation. 

The exact location of the pomt of attachment of the mountmg bradcet 18 and the 
length of adaptor legs 19 in relation to the horn 15 is important It has been determined 
that depA to which Ae tip of fee horn 15 is inserted into fee die exit bore d. is 
detemiined by fee devulcanization characteristics of fee coii?.oand. and particulaiiy on its 
ability to dissipate ultrasonic energy. In a preferred embodiment, fee distance separating 
the tip of fee ultrasonic hom 1 5 and fee temrinal point of fee die inlet bore d, is about 
0.2-0.8 mm, but larger and smaller clearances are possible. 

The reactor is surrounded by a heafeig jadcet 42 whidi may depend upon electrical 
heatingelements.orheattransfermediaoffeetypewenknowninfeeart THepurpose 

of fee jacket is to lower fee pressure wifein fee reactor generated by fee vulcamzed 
elastomeric particles which are pushed to fee reactor exit bored. In an unheated mode, 
fee reactor pressure at fee extruder exit bore d, becomes inordinately high leading to 
Gverioad of fee ultrasonic wave generator. 

In an alternative embodiment, fee most preferred embodiment known to fee 
inventors to date and shown in Fig. 14. fee ultrasonic hom / die combination 50. 
illustrates feat, imlike fee configuration shown initially in Fig. 1. fee ultrasonic hom 10 
is positioned internally in die 16. Vulcanized material is fed into die 16 ferough reactor 
bore exit36of exit borediameterd.andintodieinlet bore 38of diameter d.. Posmoned 

transverse to fee longitudinal axis of reactor 20 is ultrasonic generator 10 containing 
transducer 12wifecomponentsconverterl4andboosterl3.andhom 15. Thevulcanized 
, materid is moved under pressure ferough internal die void space 54 toward die exit b«^ 
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37 te 10 ft. fonmd g=»«««4 by .raaor «.w 26 wiftin reaaor 20. 

Ma«n«nt .rfft. v»lc»tol inacrid b prechAd to 

^ ,4 .f ,to«»ic 10 by fte pr»«« of jadca 52 «Ud, <«aingly pohib.S 

tefl»wofn»«Ul Tl»gMk«m«e™l«mb.of»yco>npo«A».»bioheflteBa 

™,«,21. T1„ die is op*«aiyi»-=«'»^ 'i'"'^*''^'^'^ 
a^c»»z«lornB«i-»b.d«».^ WUtetep«ito>i.«offt.*nsomchora 

dlmoniQ lK)m « obHqoe a«te. B fte l^gtali™* "i" 

ft. p.ft .f ft. ,to«rio w^re. g«=n«d by «» to to » ft. di<m^ 
b«ngteg«ft«.ft«<rf«««»'><"^ Ttoi«OMl«na«»m»t<rfft.kon.»iftmfte 
di. .Itow. ft. dnrulcatouio. » I»««d to an «mi»m»^ 

15 often»i» ocour irift eanple, fte «iia«ei>i«« 

As dis«B«i I«cvi»usly i. w» Ilfr 

k« U«g« and small« ol«»c« « «»i*».d. Tl» deanmce n««..y «»n» • 
tocSon of ft. sp«d of ft. r«ctt wift «»ooia«d g«en«.d 

20 Addidonally>.homcro»^onaldiam«.rd.«illprdb»bbrb.g««o*«.*^^ 
toed, bfcoonfigundon,p»Scl«offtevnlcanirrfd«m^ 
p«„ to.^ di. exit bo» ^.dcr s»«ci». a"* to ft. 

insure dcvuloanizaliOT. 

Whfle a preferred embodiment has be described in regard to Fig. 14. it is 
25 cnvisi<med&atwhenAeidtrasc«uchomisintemalofthedie.lh^ 

and die e«t bores can be interchanged and that it is equally possible to operate Ihe 
devulcanizalion reaction ^e« the vulcanized material is fed from reactor 20' (analogous 
to reactor 20). dnough die exit bore 37 and leaves through die inlet bore 38 of Fig. 14. 
to Fig 18. an alternative embodiment of the ultrasonic hom/die is shown wherem 
30 c^enon^^trasonichomlOispositionedrfongparanelplanestothe 
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to Fig 19 m altonaive eniodtaol of fte »tasonic horn/die is show. wh«m 
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opposed s»r6<«. to «der » eftct fte dev*»z«io. ffldtor dec«»diridn8 
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15 ftereby ,enni«i«g sddidond n««d- » be poeessed ftn»* ft. P«-W^ 

d^sonic Ik™ by fte ing^s. de»«lo»i^ 

flie devulcanization zone exit 
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Examples 

Sanq»les of hydrogenated nMe mbber (HNBR) contaming 50 pam 
black. 25 parts clay, and various other additives (e.g. accelerator, antioadant. and 
curatives know to those skilled in the art), and fluorocarbon polymer (FCP) contaanmg 
30 parts silica and various o&er additives know to those skilled in flie art. were 
vulcanized by using a compression molding technique. The con5K»itions were 
25 compre^don molded and vulcanized into slabs. Specifically, the Mowing conditions 

were enqplc^ed. 

HNBR 350T for 5 minutes at 250 PSIG. 

FCP 350T for 5 minutes at 250 PSIG. followed by 450-F for 10 

hours in an oven. 

30 nc vulcanized dabs were subsequently cut into pieces or strands of nominal size 
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appiorimately (15inm x 5im, x 3rmn) and pieces placed in the hopper of a one inch 
single screw extruder for thermoplastics operating at various rotation speeds detailed in 
4e following examples and extruded thiough a 0.5 mm die clearance under pressure, with 
an ultrasonic hom of 12.7 mm diameter operating at 20 kHz and various wave an?,limdes. 
While the following examples used primarily pieces of vulcanized mbber. the use of 
longer or shorter strands and/or particles is envisioned. 

After passing the vulcanized elastomers thiough the heated exttuder operatmg at 
200»C and 175'C for HNBR and FCP. respectively, the devulcanized elastomers were 
coUected and analyzed. In order to perfomithe analysis, a sample was prepared fiom the 
collected material by compression molding at room temperature for 10 minutes at 
approximately 250 psig. The viscosity characteristics of the devulcanized compounds 
were measured. 

The viscosify vs. shear rate measmements were made at 71'C using a modified 
mnlti-^eed Mooney theometer (Ntoisanto). 
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Example 1 

A series of devulcanization runs were performed on hydrogenaied nitrile rubber 
compound. Pieces of this material were fed into toe extmda operating at a band 
temperature of 200-C and a die clearance of 0.5 mm and an ultrasonic wave aii5)litude 
of 96 Mm at 20 kHz. The extrader screw was operated at speeds of (1) 5 tpm; (2) 15 
ipm; and (3) 25 rpm. Pressure generated by the exmider were 600. 1.200. and 1.800 psi 
respectively. For comparative purposes, an uncuredhydrogenated nitrile mbber cori^KHm^ 
(4)wastested. The results are graphed in Figure 9 as a series of plots on a gr^ of flie 

tog of the viscosity (ti) vs. the log of the shear rate (y). 

As is seen in Figure 9. reference compound (4) iUustrates a base comparative case 
of the original mivulcanized material. Evident in viewing fee curves for compounds (1), 
(2). and (3), the apphcation of ultrasonic waves of amplitude 96 Mm has totally 
de^canized'the materials. AdditionaUy seen fiom the figure is the feet that the lower 
the screw rotation speed, the greater the degree of carbon-cari)on bond breaking. This is 
30 shown m fee towered position of flie curves in relation to the base comparative case 
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•me appUcation of ultrasonics has not only devulcanized the niaterial. but also lowered fte 
molecular weight of the elastomer, indicating the breaking of caibon-caibon bonds within 

the polymeric chain. 

The lower the rotation speed of ihe screw, which translates to a longer residence 
5 time of the elastomer in Ae ultrasonic field, flie greater the degree of depolymerization. 

P:gaivi ple 2 

To test the effect of the ultrasonic wave amplitude, a series of runs were made at 
a lowered amplitude of 82 for screw speeds of (1) 5 ipm (600 psO; (2) 10 ipm (700 . 
10 psi); and (3) 15 rpm (1,050 psQ. The saniples were prepared in a mamier analogous to 
Exan5,lel. As shown in Figure 10. a similar set of data was obtained indicating flie 

effectiveness of the utaasonic treatment at a lowered amplitude. 

Bvample 3 

1 5 The ultrasonic wave ampKtude was decreased further to 37 Mm in a series of runs 

plotted in Figure 11 for screw speeds of (1) 1 rpm (550 psi); and (2) 5 tpm (1,200 psO; 
and generated in a manner similar to that employed wiflt Example!. As illustrated m fte 
graph, the data dearly indicates that lower wave amplitudes. coiq)led with longer 
residence times cooperatively interact to faciUtate not only devulcanization, but to also 

20 significantiy depolymerize the elastomer as shown at a revolution speed of 1 ipm. 

Patample 4 

A series of devulcanization runs were performed on fluorocaibon elastomer 
compound. Pieces of tins material were fed into flie ejdruder operating at a barrel 

25 temperatiire of 175-C and a die clearance of 0.5 mm and an ultrasonic wave ampUtude 
of 96 jmi at 20 kHz. The extruder screw was operated at speeds of (1) 2 rpm; (2) 4 rpm; 
and (3) 6 ipm. Pressures generated by the extruder were 550, 600. and 700 psi 
respectively. For comparative purposes, an uncuredfluorocaAon elastomer compound (4) 
was tested. The results are graphed in Figure 12 as a series of plots on a graph of tiie tog 

30 of tiie viscosity (ti) vs. tiie log of the shear rate (y). 
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As is seen in the Figure, reference compound (4) illustrates a base comparative 
case when fliematerial isunvulcanized. Evident in viewing the curves for compounds (1), 
(2). and (3), the application of ultrasonic waves of amplitude 96 pm has once again, 
totaflydevulcanized the materials. Additionally seen from the figure is the feet that flie 
lower the screw rotation speed, the greater the degree of carbon-caibon bond breaking. 
This is shown in the lowered position of flie curve observed for a screw speed of 2 rpm 
in relation to the base con5)aiative case (4). Tlie appKcation of ultrasonics has not only 
devulcanized flie material, but also lowered the molecular weight of the elastomer, 
indicating the breaking of caAon-caibon bonds wiAin die polymeric cbain. 

The lower the rotation speed of flie. screw, which translates to a longer residence 
time of flie elaslomer in flie ultrasonic fidd, Ae greater the degree of depolymerization. 



Pxam ple 5 

To test the effectiveness of the technique on a passenger car tire tread compound, 
15 a sample of vulcanized rubber based on styrene-butadiene rubber/natural rubber compound 
was obtained from Rondy Inc.. Akron, Ohio. The particle size of the material was 
nominally 0.1 - 0.05". Pieces of Ais vulcanized material were ffed into the extruder 
operating at a barrel ten^erature of lOO'C and a die clearance of 0.5 mm and ultrasonic 
wave aii5)litudes of 96 jun and 82 jun at 20 kHz. Hie extruder screw was operated at 
various speeds of 2 rpm, 5 rpm, and 8 rpm at various pressures. As is evidenced by the 
feet flurt these materials exhibit flow curves at all (Figure 13). is strong evidence that 
devulcanization has occurred since the original vulcanized SBR/NR-based material does 
notflowatall. Based upon «ie previous figures, it is anticipated Aat some amount of 

caibon-caibOT bond breaking has also occurred. 
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ffvnm ple 6 

A sample of styrene-butadiene rubber (SBR) containing curatives, was vulcanized 
at 170'C for 12 min. in a compression molding press at about 250 psig and quenched in 
a mold having internal dimensions of 20 X 20 X 03 cirf. Prepared plates were cot into 
30 pieces which were fed into a single soewexttuder with an octemal (Fig. 1) and 
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(Fig. 14)ultrasonichoni/dieconfigunition. The reactor barrel temperature was UO'C with 
a screw rotation speed of 30 ipnL The die clearance was 0.5 mm and ultrasonic waves 
of 80 Mm at 20 kHz. An ultrasonic hom diameter of 12.7 mm was used and &e mlet 
diameter into flie zone of dcvulcanization was 19 mm. The outer diameter for the 
5 extrudate was 6.35 inm. During passage through the clearance. 

devulcanized, collected and analyzed. 

The viscosity of the devulcanized SBR rubber obtained by using Ae external and 
internal dies, as well as the viscosity of the original unvulcanized SBR rubber were 
n^easured using a modified multi-speed Mooney riieometer (Monsanto). Hie results are 
10 shown in Fig. 15 as a series of plots of Ae log of the viscosity vs. d>e log of the shear 
rate. As shown in the Figore. the viscosity of devulcanized SBR rubber obtained wifli the 

internal die anangement is hi^er than that obtained with Ae external arrangement This 
indicates that there is less degradation taking place simultaneously wiflt fee 

devulcanization reaction. 
15 The devulcanized SBR rubber was subsequently mixed wife curatives and 

vulcanized again in a compression molding press at &e same conditions as in the first 
vulcanization. Rubber plates were prepared which were subsequently cut into strips for 
fee stress-strain measurements. These measurements were performed using a Monsanto 
Tensiometer. Fig. 16 shows the stress-strain curves for the original vulcanized SBR 
20 rubber and revulcanized SBR rubber which was devulcanized previously in both &e 
external and internal hom/die configuration. It is clearly seen that the SBR rubber 
devulcanizedmAeintemalhom/die arrangement, and &en subsequently revulcanized. has 
fee better stress-strain cbaracterisdcs than die SBR rubber which had been devulcamzed 
in the external hom/die arrangement, and then subsequendy revulcanized. 

25 

Pvample 7 

Ciosslinked ethylene vinyl acetate foam Aeets (EvaKte 3S). s^Ued by Monarch 
Rubber Conq,any were cut into strands and fed into a single screw extruder with 
ultrasonic die attachment A barrel and die temperature were maintained at 200«C. A 
30 screw rotation of 2 rpm was used wiflt a die clearance of 0.625 mm and ultrasonic wave 
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amplitude of 105 pm at 20 kHz. an ultrasonic horn of 12.7 mm diameter was used. The 
inlet diameter into the zone of decrosslinking was 19 mm and the outlet diameter for the 
exirudate was 6.35 mm. The collected decrosslinked material was a soUd at room 
ten?wratuiB. This decrosslinked material was compression naolded into sheets of 

5 dimensions 15 x 10 x 0.2 cm^ at a temperature of 175"C, using a preheating time of 5 
niin. and a holding time of 5 min. at 4,500 psig. The ability of the decrosslinked material 
to be moMed is a strong indication that the material can flow. From these sheets, disks 
of 2 cm diameter were punched far theological studies by means of a Rheometrix 
Mechanical Spectromet«. Various frequencies and constant amplitude (3%) were used 

10 at a ternperatuie of 125"C. As shown in Fig. 17, the decrosslinked material showed 
theological behavior ^ical of flowable ihennoplastics as indicated by Ihe storage 
modohis (G'), loss moduhis (G"), absolute value of dynamic viscosity (t|*), and tan 5 
of fhe decrosslinked material. 

Disaisdon 

15 As is evident from Kgures 9-13, and 15-17, Ae devulcanizalion of rubbers and 

decrosslinking of crosdinked polymers, occurs rapidly, and quantitatively. In all 
instances, comparisons of the curve generated for unvulcanized material, with Aat 
generated from material which had been processed (devulcanized), indicated Aat Ae 
processed material curves never exceeded the unvulcanized standard. The occurrences of 

20 the lowered positioning of the curves in the Figures in relation to Ae unvulcanized 
standard, is due to the possibility of additionally breaking cari)on-carbon bonds in Ae 
polymer if desired. The amount of cariwn-carbon bond breakage is a controllable 
parameter and is dependent upon the fectors of pressure and most particularly, on the 
residence time that the material spends in the zone of devulcanization. Devulcanization 

25 occurs very fast, typically within 0.1-10 seconds. 

The type of rubbw which is devulcanized can be of Ae polar or non-polar ^e. 
WiAout befag limited to any enumerated list, some representative types of polar rubbers 
which are contemplated wiAin Ae scope of Ais invention ate chloroptene and nitrile 
rubbere. Again wiAout being limited to any enumerated list, some representative ^es 

30 of non-polar rubbers which are contenrplated wiAin Ae scope of this invention are 
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styreiKJ-butadiene rubbers (SBR), natural rubber, ethylene-propylene rubbers, butadiene 
rubbers, isoprene rubbers, butyl rubbers, siUcone rubbers and fluorocarbon rubbers. 

While the initial focus of the discussion has been directed to Ae conttnuous 
devulcanization of rubbers. Ae invention is not limited to such. It is within the scope of 
this mvention to include the application of ultrasonic waves to the breakmg of 3- 
dimensional ctosslinked polymeric networks in fliermosets. Without being limited to the 
enumerated examples, a few representative systems would include polyurethanes, 
epoxy/phenolic resins, epoxy resins, saturated polyester resins, unsaturated polyester 
resins, phenoKc/fiwmaldehyde resins, etc. 

While the figures and ensuing discussion have fijcused in particular on the 
application of an extruder to move the original vulcanized material to the extruder exit 
bore, there is no reason to limit the imrention to sodi. In feet, fte only requirements 
essential for the extruder section of Ae reactor is that it be capable of movbg matenal 
under pressure toward the reactor outlet bore and into a receiving die inlet bore. 
Optionally, the reactor should be capable of being heated. Th. heating of the leaclor 
tends to decrease the internal pressure generated at the exit bore of flte reactor, and 
reduction of power consumption of the motor. 

In its simplest mode of operation, 4e reactor is fitted at its exit bore with a die 
having one inlet bore and one exit bore. However, there is no reason to limit the 
invention to such. It is contemplated and within the scope of the invention to utdize 
multipledieinletandexitboresoriginatingoffacommondiereceivingbore. Whennsed 

in fliis fashion, it becomes possible to increase the throughput (amount of devulcanized 
material collected in a unit of time) significantly. One of the simplest methods of 
accomplishing 4is is to include additional exit bores positioned radially aromid the die. 
However, it is contemplated within the scope of flie invention that oflier positioned dies 
and horns are possible. The key element is ihe alignment of the longitudinal axis of the 
ultrasonic hom with the axis of fee exit bore of the reactor and/or inlet bore of the die. 

While in describing the temi die in this appUcation. the temi has been used to 
denote a separate component of the apparatus, there is no need to specifically limit die 
30 concept as such. In feet, it is quite possWe to a device could be constmcted which 
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incorporates a die into the physical unit itself, without the need for any separate 
component However, for ease of cleaning and routine maintenance, it is anticipated diat 
die die would typically be a separate unit attached to die exit bore of the reactor. 

It is also possible and wifliin the scope of the invention to omit the die portion 
5 attached to Ihe extruder. When in flus configuiation, the key parameter is fliat the 
diameter of the hom be larger flian that of the exit bore of the reactor. The die 
arrangement is typically used for convenience in adapting existing equipment (i.e. 

extrudos) to Ihis application. 

While the configuration of the die and/or reactor exit bore has been generally 
10 referred to as cylindrical or qjherical in shape, Iherc is no reason to limit the invention 
to such. It is possible to use odier geometrically shaped dies and/or reactor exit bore 
shapes with the invention. Witihout being limited, it is conten?)lated that other 
geometrical shapes, such as rectangular sUts, oval sKts, etc., can be efifectively used in die 
appUcation. It is also within the scope of die invention fliat the die and/or reactor exit 
15 bore be of constant dimensions, or varying dimensions. The initial dimensions of a 
rectangular sUt, for example may in effect be larger at die inlet side, flian diey are at the 
exit side. It is also contemplated within the scope of die invention diat inegular shaped 
exit bores can be accommodated. The critical parameter is diat ihe suifece area of the 
hom be sufficient to be capable of being positioned over the exit bore shape, wheflier die 
20 exit bore is diat of die reactor or diat of die die. 

The effective devulcanization of die mbber requires a carefol analysis of die die 
inlet bore diameter, die die exit bore diameter and die ultrasonic hom diameter. In order 
to effectively devulcanize die material, it is critical diat die hom diameter be larger dian 
die die inlet bore, yet smaller dian die die exit bore. This arrangement permits die die to 
25 be inserted to a depdi into die die exit bore which effectively devulcanizes die material, 
yet simultaneously does not generate an inordinate amount of pressure witiiin die die of 
die reactor, diereby causing die hom to stop vibrating. 

While in accordance widi die patent statutes, a prefiared enibodiment and best 
mode has been presented, die scope of die invention is not limited flietcto, but ladier is 
30 measure by the scope of die attadied clauns. 
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What is Claimed is: 

I. An ultrasonic reactor comprising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or ciosslinked elastomeric particles under pressure to 
the reactor exit hoK; 

(b) at least one uhtasonic hon^ 

(c) at least one attachment means for attaching each ultrasonic horn to the 
reactor and in a linear relationship to a longitudinal axis of the reactor exit 
hon; 

(d) an ultrasonic wave generator at one end of each ultrasonic horn, a diameter 
of Ae wave generator being larger Aan the diameter of the reactor exit 
bore, the ultrasonic wave generator additionally being positioned at a 
clearance distance as measured along a longitudinal axis between a 
transverse plane demarking a termination of fte reactor exit bore and a 
transverse plane demarking a tip of the ultrasonic wave generator, 
sufficient to effect devulcanization or decrossliridng of the elastomer. 

2. An ultrasonic reactor comprising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or crosslinked elastomeric particles under pressure to 
tiie reactor exit bore; 

(b) at least one die having a die entrance bore and a die exit bore, the die 
entrance bore being of smaller diameter than tiie die exit bore, the die 
being attached to the reactor so as to permit tiie passage of the vulcanized 
dastomeric particles ftom tiie reactor exit bore into the die entrance bore; 

(c) an ultrasonic horn for each die; 

(d) at least one attachment means adapted to attaching the ultrasonic bom to 
each die and in a linear relationship to a longitudinal axis of the entrance 
bore of die; 

(e) an ultrasonic wave generator at one end of each horn, a diameter of the 
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wave generator being larger than the diameter of the die entrance bore and 
smaller than the diameter of die die exit bore, die ultrasonic wave 
generator additionally being positioned at a clearance distance as measured 
in a longitudinal axis between a transverse plane demaiking a termination 
of flie die entrance bore and a transverse plane demaiking a tip of flie 
ultrasonic wave generator, sufficient to effect devulcanization or 
decrosslinking of the elastomer. 

3. An ultrasonic reactor comprising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or crosslinked clastomeric particles under a pressure to 
Ae reactor exit bore; 

(b) at least one die having a die entrance bore, a die exit bore and an internal 
die void connectmg Ae die entrance and exit bores, flie die being attached 
to the reactor so as to permit the passage of flie vulcanized elastomeric 
particles from die reactor exit bore into die die entrance bore; 

(c) at least one ultrasonic horn adapted for insertion into each die void, each 
die void configured so as to be in a non-linear alignment widi a 
longitudinal axis of die reactor, 

(d) at least one attachment means adapted to attaching each ultrasonic horn 
into die die void and in a linear relationship to a longitudinal axis of die 
die exit bore; 

(e) at least one gasket for sealingly engaging each ultrasonic hom to die die; 
and 

(f) an ultrasonic wave graerator at one end of each horn, a dianieter of die 
wave generator being larger dian die diameter of die die exit bore, die 
ultrasonic wave generator additionally being positioned at a clearance 
distance as measured in a longitudinal axis between a transverse plane 
demarkmg a temmiation of die ultrasonic wave generator tip and a 
transverse plane demarking die beginning of die die exit bore, sufficient to 
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effect devulcanization or decrosslinking of the elastomer. 

4. An ultrasonic reactor comprising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or crosslinked elastomeric particles under a pressure to 
l3ao reactor exit bore; 

(b) at least one die having a die entrance bore, a die exit bore and an internal 
die void connecting the die entrance and exit bores, the die being attached 
to the reactor so as to pennit the passage of the vulcanized elastomeric 
particles from die reactor exit boie into die die entrance bore; 

(c) at least one ultrasonic hom adapted for insertion into each die void, each 

die void configured so as to be in a non-linear alignment with a 
lon^tadinal axis of the reactor, 

(d) at least one attachment means adq)ted to attaching each ultrasonic hom 
into the die void and in a linear relationship to a longitudinal axis of Ae 
die exit bore; 

(e) at least one gasket for sealingly engaging each ultrasonic hom to the die; 
and 

(f) an ultrasonic wave generator at one end of each hom, a diameter of Ae 
wave generator being larger than the diameter of the die exit bore, Ae 
ultrasonic wave generator additionally being positioned at a clearance 
distance as measured in a longitudinal axis between a transverse plane 
demaiking a termination of the ultrasonic wave generator tip and a 
transverse plane demaiking die beginning of die die exit bore, sufScient to 
e£fect devulcanization or decrosslinking of the elastomer. 

5. The reactor of claims 1 or 2 or 3 or 4 M^erein the clearance distance is 0.2mm to 
0.8mm. 



6. The reactor of clanns 1 or 2 or 3 wherein at least one ultrasonic hom is in a non- 
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linear alignment to the longitudinal axis of the reactor. 

7. An ultrasonic reactor con[q)rising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or crosslinked elastommc particles under pressure to 
the reactor exit bore; 

(b) a die chamber having at least two parallel-spaced die walls attached to the 
reactor and to a die exit wall, at least two parallel-spaced ultrasonic wave 
generator sur&ces of two ultrasonic horns, in associative contact witii die 
two die walls and die exit wall, creating a channel thiougih which 
elastomeric particles can be fi^ and exited through an exit bore in an exit 
wall; 

(c) at least two spacing means for attaching each ultrasonic hem to tiie die 
walls and pomitting variable positioning of tiie ultrasonic wave generator 
surfiEices in a linear relationship to a longitudinal axis of the reactor exit 
bore, thereby creating a clearance distance as measured between tiie two 
parallel wave generator surfaces sufficient to effect devulcanization or 
decrosslinking of tiie elastomer. 

8. The reactor of claim 7 wherein the clearance distance is 0.2mm to 1.6min. 

9. An ultrasonic reactor comprising: 

(a) a reactor having at least one reactor exit bore capable of continuously 
feeding vulcanized or crosslinked elastommc particles under pressure to 
tiie reactor exit bore; 

(b) a die chamber having at least a first two parallel-spaced die walls attached 
to the reactor and to a die exit wall, at least one ultrasonic wave generator 
surface of at least one ultrasonic horn in a parallel-spaced relationshq) witii 
a tiurd die wall, both the wave generator surface and tiurd die wall in 
associative contact witii die first two parallel-spaced die walls and die exit 
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wall, creating a channel through which elastomeric particles can be fed and 
ejcited tiuough an exit bore in an Kut wall; 
(c) at least one spacing means for attaching the uhtasonic horn to the die wall 
and peimitting variable positioning of the ultrasonic wave generator 
surfaces in a linear relationship to a longitudinal axis of the reactor exit 
bore, flieicby creating a clearance distance as measured between the wave 
generator surfece and fliird wall sufficient to effect devulcanization of the 
elastomer. 

The reactor of claim 9 wherein Ae clearance distance is 0.2mm Id 0.8mm. 



11. A continuous process for flie recycling of vulcanized dastomeric particles 
conqtrising iho steps at 

(a) feeding vulcanized elastomeric particles into a pressurized zone of 
deviilcanization; and 

(b) ultrasonically treating 4e elastomers in the zone of devulcanization wifli 
an ultrasonic wave propagated co^ally wifli fee zone of devulcanization 
for a time fiom about 0.1 seconds to about 10 seconds to effisct 
devulcanization thereby breaking at least a covalent bond selected ftom the 
group consisting of a caibon-sulfur bond and a sulftr-sulfiir bond. 

12. A continuous process for flie breaking of a crosslinked thermoset polymer 
conqirising Ae steps of: 

(a) feeding crosslinked thermoset polymer into a pressurized zone of 
crosslinked bond breaking; and 

(b) ultrasonicany treating ihe polymer in the zone of crosslinked bond breaking 
with an ultrasonic wave propagated co^ly with the zone of crosslinked 
bond breaking for a time ftom about 0.1 seconds to about 10 seconds to 
effect Hie ansslinked bond breaking. 
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